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1 Introduction1

The present study is the first attempt to measure the single spin asymmetry for weak bosons2

produced in transversely polarized proton collisions at STAR by a complete reconstruction of the3

boson kinematics.4

Transversely polarized spin effects have been an extremely active topic among experiment and5

theory in the past years, because of their connection to transverse momentum dependent (TMD)6

distributions (leading to a multi-dimensional picture of the proton) and a possible test of the7

framework and the underlying theory of perturbative QCD. For a quantitative application of the8

TMD framework to transverse single-spin asymmetries measured in proton-proton collisions, the9

required two scales (typically Q2 and pT ) are not well defined, excepted for Drell-Yan di-lepton10

(DY) andW±/Z0 boson production. DY has been at the center of attention for the non-universality11

test of the so-called Sivers TMD function, f⊥1T , which describes the correlation of parton transverse12

momentum with the transverse spin of the nucleon. There is evidence of a quark Sivers effect in13

Semi-Inclusive Deep Inelastic Scattering (SIDIS) measurements where the quark Sivers function14

is associated with a final state effect from the gluon exchange between the struck quark and the15

target nucleon remnants. On the other hand, for the virtual photon production in the Drell-Yan16

process, the Sivers asymmetry appears in the initial state of the interaction. As a consequence,17

the quark Sivers functions are of opposite sign in SIDIS and in Drell-Yan18

fSIDIS
q/h↑ (x, k⊥) = −fDY

q/h↑(x, k⊥). (1)

The experimental test of this sign change is one of the open questions in hadronic physics,19

and can provide insights on the TMD factorization. While luminosities required for a meaningful20

measurement of asymmetries in Drell-Yan production are challenging, W± and Z0 bosons pro-21

duction is equally sensitive to the predicted sign change and can be well measured at the STAR22

experiment. The results can also provide essential input to study the new theoretical concept of23

evolution effects of transverse momentum dependent distribution functions, because of the high24

Q2 in the W±/Z0 production due to the large boson mass. The STAR experiment at RHIC is25

currently the only place in the world where these effects can be tested.26

The transverse single spin asymmetry, AN , has been derived in [1] and its parametrization is27

based on the fits to SIDIS data. Predictions show that a transverse asymmetry solely calculated28

from the lepton decay is diluted [1] if compared to the same asymmetry calculated directely from29

the produced boson. Thus, a full reconstruction of the produced boson kinematics is crucial for30

a meaningful measurement. The present analysis is based on a data sample collected in the year31

2011 at STAR using transversely polarized proton-proton collisions at the center-of-mass energy of32 √
s = 500 GeV, the total integrated luminosity is Lint = 25 pb−1. In the present work we use this33

exploratory run to test the possibility of fully reconstructing the W± boson kinematics at STAR,34

using the lepton decay and all other particles in the recoil from the initial hard scattering. This35

analysis also includes a first look at AN in Z0 production.36

2 Preliminary Sensitivity Studies37

In 2011 transversely polarized proton-proton beams were brought into collisions at STAR with a38

center of mass energy of 500 GeV . In this regime the W is expected to have a relatively small39

PT . We use PYTHIA 6.8 to simulate W± → e±νe to the LO with unpolarized beams. Expected40

kinematic distributions of the lepton coming from the W decay is shown in Figure 1.41
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Figure 1: W-mass; polar angles and pseudo rapidity distributions of the produced W, the decay
leptons and the recoil tracks.
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Our aim is to use Monte Carlo to correct for the missing PT in the recoil tracks due to the1

limited acceptance of the STAR detector.2

3 The W± selection and reconstruction3

A data sample characterized by the W signature has been selected, mostly requiring an isolated4

high PT electron and a hadronic recoil with a total PT sufficiently large. We adopt the same5

selection procedure already used (and described in details) at STAR for weak boson production6

measurements of polarized longitudinal single-spin asymmetry [2–5] and unpolarized cross section7

[9, 10]. The selection criteria are the following8

• One isolated electron9

– lepton-PT > 25 GeV;10

– Track-|η| < 1;11

– Isolation criterium: (P track + Ecluster)/Σ[P tracks in R=0.7 cone] > 0.8;12

– track coming from the maximum ranked vertex;13

• |Zvertex| < 100 cm; vertex rank > 0;14

• PT -balance > 15 GeV, rejects QCD back ground;15

• 0.4 < |Charge(TPC) ∗ ET (EMC)/PT (TPC)| < 1.8, minimizes charge misidentification.16

In the present analysis we also ask the total recoil-PT > 0.5 GeV to minimize the systematics17

uncertainties in reconstructing the W boson transverse momentum as described in Sec. 3.1.18

At the end we can identify two data samples depending on the electron charge; a positive19

charge identifies our W+ signal whereas a negative charge marks our W− signal. After the whole20

selection procedure, the following events survive21

– positive-charged electron (W+ signal): 1216 events;22

– negative-charged electron (W− signal): 332 events.23

3.1 Transverse momentum reconstruction24

In order to fully reconstruct the W kinematics, the momenta of all W -decay products must be25

measured. The momentum of the neutrino produced in the leptonically decayed W cannot be26

measured and can only be indirectly deduced from momentum conservation. in the W events27

produced at
√
s = 500 GeV at STAR we can assume that most of the missing energy,

#»6ET is28

carried by the neutrino from the W decay. The assumption Pν,T ≈
#»6ET is based on the fact29

that only very little energy is left for anything other than W production from the primary hard30

scattering. In the transverse plane the initial momentum of the system of interacting partons is31

negligible and so must be the vector sum of all final particles momenta. We define the missing32

transverse energy as a vector restoring the balance in the event:33

#»6ET = −
∑

i∈tracks,
clusters

#»

P i,T . (2)
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In a typical collider detector like STAR the problem with measuring the missing momentum1

from the hadronic recoil is that particles with very high rapidities escape the detector. At the2

same time, the beam remnants with high longitudinal momentum carry away only a little portion3

of the total transverse momentum. We accounted for the non measured tracks and clusters by4

using the following event-by-event Monte Carlo correction to the data5

ki =
PW
T,i(true)

PRecoil
T,i (reconstructed)

, (3)

where PW
T,i(true) is the generated PT of the W at MC level and PRecoil

T,i (reconstructed) is the PT6

of the recoil reconstructed after a full GEANT simulation of the detector in each i-th bin. The7

distribution of the correction factor, k, versus the recoil PT is shown in Fig. 2. The correction has8

been applied to the data on an event-by-event base as follows9

1. read the i-th bin of recoil-PT from data;10

2. do a Y-Projection the correction factor from Fig. 2 in the corresponding i-th bin;11

3. normalize the projection distribution to 1;12

4. use a random generator to select a correction value from the normalized projection distribu-13

tion.14

A MC test shows that after the correction has been applied, data are in a very good agreement15

with predictions from RhicBOS and PYTHIA, as shown in Fig. 3. In reconstructing the hadronic16

recoil from the tracks and clusters, additional cuts have been applied to avoid the very low total17

recoil-PT , when most of the tracks fall off the STAR tracker (TPC) acceptance18

– Total recoil-PT > 0.5 GeV;19

– PT of each single track in the recoil > 0.2 GeV.20

Figure 4 shows how the data/MC agreements improves requiring a minimum recoil-PT value of21

0.5 GeV compared with a lower or no threshold. The final data/MC agreement for reconstructing22

the W boson transverse momentum over an extended range is shown in Fig. 9(left).23

3.1.1 Dependence of the MC correction by the charge sign24

Thou not expected, a possible dependence of the correction factor by the boson charge has been25

tested by independently using an embedded W− Monte Carlo sample for its calculation. Fig. 526

(top left) shows a comparison of the projected correction factor in each Recoil PT bin, calculated27

using W+ and W- samples independently. This comparison shows that the boson charge has no28

effect on the correction factor.29

3.1.2 Dependence of the MC correction by the ZDC rates30

Since the W − PT reconstruction technique relies on embedded Monte Carlo samples, a possible31

dependance of the correction factor by the ZDC rates of the zero-bias runs used for embedding32

has been investigated. The ZDC rate of 2011 pp zero-bias events ranges between 40k and 95k.33

In order to test a dependence on the ZDC rate, a subsample of zero-bias runs with a rate ¿ 90k,34
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Figure 2: Distribution of the correction factor, k, versus the recoil PT .
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Figure 4: Data/MC agreement for the total recoil-PT with a minimum value of PT > 0.2 GeV
(left), PT > 0.3 GeV (center) and PT > 0.5 GeV (right).

corresponding to a total of 7 runs, has been selected and the corresponding embedded MC sample1

used to reconstruct W − PT . Fig. 5 (top right) shows a comparison of the projected correction2

factor in each Recoil PT bin using a only the subsample of zero-bias events with high ZDC rates3

and using the whole sample of zero bias events. The high rate sample contains much less statistics,4

thus suffering higher fluctuation. From the comparison we can easily conclude that in run 20115

there is no sizable difference in calculating the correction factor due to ZDC rates of zed-bias6

embedding runs.7

3.1.3 Dependence of the MC correction by the PYTHIA tuning8

The Monte Carlo sample used for the correction factor calculation has been simulated with9

PYTHIA 6.4 using the “Perugia tune” and setting PARP(91) = 2 and CKIN(3) = 10. The10

choice of the Perugia tuning follows the study shown in Fig. 6, where samples generated with11

different tunings are compared with an independent prediction from RhicBOS Monte Carlo [6],12

from Altarelli et al. [7] and the UA1 experimental data [8]. It is evident that “tune A” generates13

a peak that is shifted to lower boson PT values. Thus, it is to be expected that the correction14

factor will show a dependence on the tuning used for the simulation. To test this dependence,15

we used a Monte Carlo sample simulated using PYTHIA Tune A, PARP(91)=1, CKIN(3)=1 in16

calculating the correction factor and compare this with our original tuning, as shown in Fig. 517

(bottom). One can see that the correction factor shows a dependence on the PYTHIA tuning18

for boson PT < 10 GeV. It is also important to stress that, although we put ourself in the most19

extreme case comparing very different tunings, the discrepancy of the average correction factor is20

always much smaller than the standard deviation.21

3.2 Longitudinal momentum reconstruction22

Knowing its transverse momentum, the longitudinal component of the neutrino’s momentum can23

be reconstructed solving the quadratic equation for the invariant mass of the produced boson24

M2
W = (Ee + Eν)

2 − (
#»

P e +
#»

P ν)
2, (4)

which leads to25

M2
W/2 = |~pl||~pν | − ~pl,T · ~pν,T − ~pl,z · ~pν,z, (5)

8
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Figure 6: The W boson PT distribution, generated using different PYTHIA tunings, is compared
with RhicBOS Monte Carlo [6], with the theoretical prediction from Altarelli et al. [7] and with
the UA1 experimental data [8].
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where we neglected the masses of the both neutino and lepton. Introducing a shorthand expression1

for A = M2
W/2 + ~pl,T · ~pν,T , after trivial arithmetics we arrive to a quadratic equation2

|~pl,T |2p2ν,z − 2Apl,zpν,z + |~pν,T |2|~pl|2 − A2 = 0. (6)

In solving this equation we assumed the nominal value of the W -mass. Thus, Eq. 4 leads to two
possible solutions for the longitudinal component of the neutrino (and thus the W ) momentum

pν,z =
Apl,z ±

√
A2p2l,z − |~pl,T |2(|~pν,T |2|~pl|2 − A2)

|~pl,T |2
. (7)

To distinguish between the two solutions, from now on we name “first solution” the one with the3

smaller absolute value and “second solution” the remnant one. In order to choose which solution4

should be used, the fraction of correctly reconstructed events for each solution was estimated via5

MC. The MC distribution of the reconstructed PW
L versus the generated level one is shown in Fig. 76

for both solutions separately. To estimate the amount of “well reconstructed” events we considered7

all the events with a reconstructed longitudinal moments within 30 GeV from the generated value8

(the to black limit-lines in Fig. 7). The overall fraction of well reconstructed events, estimated9

according to this criterium, is shown for both solutions separately in the upper side of each plot in10

Fig. 7. Thus, we investigated the fraction of well reconstructed events in bins of generated PW
L , as
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Figure 7: MC distribution of reconstructed versus generated PW
L for the first solution (left) and

the second solution (right) respectively.
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shown in Fig. 8. It is evident that the first solution better reconstructs PW
L < 40 GeV whereas the12

second solution works better for larger longitudinal momenta. Having in mind that our W bosons13

are often produced with a longitudinal momentum smaller than 40 GeV, we chose the solution14

smaller in magnitude, namely the first solution, to reconstruct the boson kinematics because it15

leads to a much smaller fraction of mis-reconstructed events in our kinematic domain. A data/MC16

comparison for the PW
L after all the reconstruction is done, is shown in Fig. 9(right). One can17

see how the momentum of the produced W boson can be fully reconstructed with a satisfactory18

data/MC agreement.19
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W− (right) data samples respectively. The data-drive QCD sample has been normalized to the
lowest lepton-PT bin.
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3.3 Background estimation1

The background sources considered in this analysis are: Z0 → e+e−; W± → τν → e+e−ν; QCD2

events decaying into leptons, where one of the final leptons is not detected. The first two sources3

have been evaluated using MC samples simulated with PYTHIA 6.4 using the “Perugia tune” and4

setting kT = 2 and CKIN(3) = 10. The MC samples pass trough the GEANT 3 simulation of the5

STAR detector using the SL11d libraries and are embedded to the run11 p+p transverse zero-bias6

events. To estimate the contribution from the background, the MC samples have been normalized7

to the W+ and the W− data samples according to the collected luminosity as shown in Fig. 10.8

The estimated background-over-signal values for W± → τν and Z0 → e+e− are shown in the first9

columns of Table 1.10
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Figure 12: For the W+ (upper row) and the W− (lower row) data samples, figure shows the
estimated contribution from the Z0 → e+e−, W± → τν → e+e−ν and QCD backgrounds (left
column), and the leptonic PT peak after the background sources are statistically subtracted from
the data sample (right column).
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Process W± → τ±ντ Z0 → e+e− QCD
B/S 1.88% (W+); 1.39% (W−) 0.88% (W+); 2.94% (W−) 1.59% (W+); 3.40% (W−)

Table 1: Background over signal in the W+ and W− samples respectively.

The case of background coming from QCD events is more peculiar since we canon trust the1

luminosity given by the MC generator. In estimating the background from this source, we followed2

a “data-driven” technique already used at STAR for the W decay analysis with longitudinal beam3

polarization [4, 5]. The procedure is the following:4

1. a QCD dominated data sample was selected reversing the PT -balance cut (PT -balance <5

15 GeV);6

2. the lepton-PT requirement in our W boson selection (see Sec. 3) was lowered to lepton-7

PT > 15 GeV;8

3. the QCD data sample was normalized to the first lepton-PT bin [15-19 GeV] as shown in9

Fig. 11, under the assumption that this bin is dominated by QCD events with only a negligible10

contribution from weak boson production events;11

4. the normalized QCD sample was then compared with out signal sample after the lepton-PT12

cut has been put back to its original value (lepton-PT > 25 GeV), as shown if Fig. 12(left13

column).14

The estimated fraction of QCD background over signal is shown in Table 1(last column) for15

the W+ and W− data sample separately.16

From Tab. 1 one can see that background sources are under control in the present analysis, the17

the level of background over signal contained within a few percent. Figure 12(right column) shows18

how the leptonic PT peak looks like after the background sources are statistically subtracted from19

the data sample.20

3.4 Systematic uncertainties21

The expected systematic uncertainties due to the reconstruction procedure of the boson kinematics22

have been evaluated via a Monte Carlo challenge. Since PYTHIA does not have polarization23

implemented, we used tables (rapidity and PT bins of W boson) of theoretical predictions for AN24

with evolution included, confidentially given to us by Z-B Kang and generated from [15]. the25

procedure is as follows26

• PYTHIA is used to generate samples for W− production (for which AN is predicted to be27

always positive);28

• each prediction for AN taken from the tables has been assigned to the PYTHIA generated29

values of W-y and W-PT ;30

• after the Monte Carlo events are fully reconstructed we look at the distributions of AN in31

the bins of y and PT we use for the asymmetry measurement of Sec. 5;32

15



• the mean position of the peak in the AN distributions at the generated and reconstructed1

level, in the same bins of y (Fig. 13) and PT (Fig. 14), is compared. In the case of the2

distributions in bins of rapidity, a gaussian functional form has been fit to better estimate3

the position of the peak, as shown in Fig. 13.4

• We evaluate the relative systematic uncertainty in the corresponding bin as

Sys(i− bin) =
|meanGENi−bin −meanRECi−bin|

meanGENi−bin
. (8)

An additional source of common systematic normalization uncertainty on the single-spin asym-5

metries due to the uncertainty in the measured beam polarization has been estimated to be6

3.4% [11].7
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Figure 13: Distribution of AN prediction values at the generated (left) and reconstructed (right)
level for the three W-rapidity bins used in our asymmetry measurement of Sec. 5.

4 Average polarization8

Polarization of proton beams is measured at at RHIC using H-jet and P-Carbon polarimeters and9

the tables of results per fill (PFill) are available on-line [12]. Tables of the luminosity collected10

in the run 11 at STAR per each run by the W triggers are also available on-line [13] and the11

luminosity per fill (LFill) can be simply calculated summing up the luminosity of each run in the12

fill.13

Thus, the run 2011 average polarization for each beam can be calculated as follows14

〈P 〉 =

∑
Fill

(LFill · PFill)∑
Fill

PFill
(9)
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Figure 14: Distribution of AN prediction values at the generated (upper) and reconstructed (lower)
level for the seven W-PT bins used in our asymmetry measurement of Sec. 5.
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The results are: 〈P 〉 = 52.86% for the BLUE beam and 〈P 〉 = 52.26% for the YELLOW1

beam. The average value between the two beams, 〈P 〉 = 52.56%, can be used for calculating the2

asymmetry, as explained in Sec 5.3

5 Asymmetry measurement4

In measuring AN we assume that the beam polarization vector does not significantly deviate from5

the vertical direction given by the normal unit vector ~n along the vertical y axis, P ≡ ~P · ~n. We6

also assume the same magnitude of the polarization vector for spin-up and spin-down bunches, i.e.7

P = P↑ = P↓. The single spin asymmetry AN is expressed as:8

AN =
σ↑ − σ↓
σ↑ + σ↓

. (10)

We bin our data sample in three observable variables, {y, φ, PT}, of the produced boson. Thus,9

we calculated AN using the “left-right” method [14], which helps to cancel out unwanted effects10

due to geometry and luminosity.11

ANsin(φ) =
1

< P >

√
N↑(φi)N↓(φi + π)−

√
N↑(φi + π)N↓(φi)√

N↑(φi)N↓(φi + π) +
√
N↑(φi + π)N↓(φi)

, (11)

where N is the number of recorded events in the i− th bin with a certain spin (↑↓) configuration12

in the “left” (φi) or in the “right” (φi + π) side of the detector and 〈P 〉 = 52.56% is the average13

RHIC beam polarization for 2011 transverse p+p run as calculated in Sec. 4. For the asymmetry14

measurement the polarization of one of the beams is ignored by combining the yields with opposite15

spins, e.g.16

N↑ ≡ N↑0 = N↑↑ +R 0↑
0↓
N↑↓, (12)

N↓ ≡ N↓0 = N↓↑ +R 0↑
0↓
N↓↓, (13)

where re-weighting factor R 0↑
0↓

addresses a possible relative difference in the spin-up and spin-down17

intensities of the other beam. Studies have shown that R 0↑
0↓
≈ 1 with good precision.18

The STAR preliminary results for the AN measurement of the W+ and W− boson production19

are shown separately in Fig. 15 as a function of yW and PW
T . The systematic uncertainties,20

evaluated according to the procedure described in Sec. 3.4, are added in quadrature. The 3.4%21

normalization uncertainty due to the uncertainty in the beam polarization measurement is not22

shown in the plots.23

6 The Z0 selection and asymmetry measurement24

The Z0 → e+e− process has many advantages: it is experimentally very clean and the boson25

kinematics are easy to reconstruct since there is no neutrino in the final decay (thus it carries26

only the overall systematics coming from the polarization measurement), it is background free, the27
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Figure 15: Transverse single spin asymmetry amplitude for W± boson production, the 3.4% overall
systematic uncertainty due to beam polarization is not included.
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decay electrons peak within the STAR detector acceptance and the asymmetry is expected to be1

the same size as the W± one. The only big disadvantage is the much lower cross section which2

makes the measurement very statistics hungry.3

A data sample characterized by the Z0 signature has been selected4

• Two high-PT electrons5

– lepton-PT > 25 GeV;6

– Track-|η| < 1;7

– track coming from the maximum ranked vertex;8

• the two electrons must have opposite charge;9

• |Zvertex| < 100 cm; vertex rank > 0;10

• invariant mass within ±20% from the nominal Z0 boson mass.11

After the whole selection, only 50 events survive. The Z0 boson invariant mass, reconstructed12

using this small event sample, is shown in Fig. 16. The Z0 boson kinematics have been recon-13

structed from the two leptons decay, Fig. 17 shows the data/MC agreement for the reconstructed14

Z0 transverse momentum and rapidity.15
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Figure 16: Invariant mass of the produced Z0 boson.

Due to the very small statistics we decided to measure the transverse asymmetry in a single16

bin for 0 < PT < 20 GeV and |yZ0| < 1.5. The STAR preliminary result for the AN measurement17

of the Z0 boson production in a single yZ , PZ
T bin is shown in Fig. 18.18

7 Conclusions and Outlook19

This preliminary study is a proof-of-principle which shows that STAR is able to measure the20

transverse single spin asymmetries AN for fully reconstructed W±, Z0 bosons based on a pilot run21

of transverse polarized p+p collisions at
√
s = 500 GeV with a recorded integrated luminosity of22
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Figure 17: Data/MC agreement for the reconstructed PT (left) and rapidity (right) of the produced
Z0 boson.

­
 l

+
 l→ 0Z STAR preliminary

0
Z y

­1 0 1

N
 A

­1

­0.8

­0.6

­0.4

­0.2

0

0.2

0.4

0.6

0.8

1

­1
L = 25 pb∫STAR p­p 500 GeV 

 < 25 GeV
T

0 < P

3.4% beam pol. uncertainty not shown
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25 pb−1. The preliminary results from Fig. 15 can be compared with the most up-to-date theoretical1

AN predictions for W±, Z0 boson production including TMD-evolution from reference [15], shown2

in Fig. 19, where the error bands have been updated accounting for the current almost complete3

uncertainty on see-quark functions in the fits [16]. Measuring the production of W± bosons at4 √
s = 500 GeV can lead to the first experimental test of the sign change of the Sivers function.5

Furthermore, it provides an ideal tool to study the spin-flavor structure of sea quarks inside6

the proton. The left-handed W boson only couples to (anti)quarks of a certain helicity, giving7

rise to large parity-violating single spin asymmetries. In addition, the coupling of the W to the8

weak charge correlates directly to quark flavor. Ignoring quark mixing, W± bosons are produced9

through u + d̄(d + ū) interactions. A measurement of the transverse single spin asymmetry will10

provide the worldwide first constraint on the sea quark Sivers function in an x-range, where the11

measured asymmetry in the ū and d̄ unpolarized sea quark distribution functions, as measured12

by E866 [17], can only be explained by strong non-pQCD contributions. Figure 20 shows the13

projected uncertainties for transverse single spin asymmetries of W±, Z0 bosons as functions of14

rapidity and PT for a delivered integrated luminosity of 900 pb−1 compared to 400 pb−1 , at an15

average beam polarization of ∼ 55%. RHIC is capable of delivering 900 pb−1 in 14 weeks running16

using a dynamic β* squeeze [18] through the fill. The dynamic β* squeeze provides a factor 217

increase of the luminosity in a fill as the luminosity profile through the fill is kept flat.18

STAR is the only experiment capable of measuring AN for direct photons, for W± and Z0
19

bosons, and possibly for DY. It can provide a world-wide unique opportunity to simultaneously20

test TMD evolution, access the Sivers function for sea quarks, and test the predicted sign-change21

for the Sivers function.22
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Figure 19: Theoretical prediction of AN for W± and Z0 boson production in p+p collisions at√
s = 500 GeV including TMD-evolution [15].

A Reproduction of results23

The code used for the present analysis is in the CVS repositories at the link24

http://www.star.bnl.gov/cgi-bin/protected/cvsweb.cgi/offline/users/fazio/vbasym/25

A.1 How to check out and build the analysis code26

To check the code out, from the location where the package will be installed on your machine issue27

the following command:28

22

http://www.star.bnl.gov/cgi-bin/protected/cvsweb.cgi/offline/users/fazio/vbasym/
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Figure 20: Projections of statistical uncertainties of an AN measurement for W± and Z0 boson
production at STAR assuming a delivered luminosity of 900 pb−1, the 400 pb−1 case is also shown
for comparison.

1

cvs co −d vbasym o f f l i n e / u s e r s / f a z i o /vbasym/2
3

Before you can build and run the program the following environment variables must be set:4

5

VBASYM DIR6
7

this variable contains the path to the project directory8

9

VBASYM RESULTS DIR10
11

this variable contains the path to the output directory where the results will be put.12

The following environment variables are assumed to be set in the standard STAR session:13

14

STAR VERSION15

STAR HOST SYS16

ROOTSYS17
18

Example scripts setting up these variables can be found in the “scripts/” directory:19

20

s c r i p t s / setup . sh21

s c r i p t s / setup . csh22
23

To build the library run a slightly modified “cons” command in the terminal24

25

cd $VBASYM DIR26

cons CXXFLAGS=”−m32 −fPIC −pipe −Wall −Woverloaded−v i r t u a l −Wno−27

long−long ” \28

EXTRA CXXFLAGS=”−I$ {OPTSTAR}/ inc lude −I c o n t r i b / root−he lpe r ” \29

CPPPATH=”#:#StRoot :#. s l 6 4 g c c 4 4 7 / inc lude : ${ROOTSYS}/ inc lude30

: . / con t r i b / root−he lpe r ”31
32

The binaries are compiled by issuing the following command:33

34

mkdir bu i ld35

cd bu i ld36

23



cmake28 . . −DBOOST ROOT=${OPTSTAR}1

make2
3

A.2 How to split the Monte Carlo file lists4

Embedded Monte-Carlo (MC) files relevant for this analysis were produced using PYTHIA and are5

stored on the STAR data disks. The file lists are containted in “$VBASYM DIR/runlists” with6

the following format used for their names: “<run period> mc <process type>”. For example,7

“run11 mc Wp2enu” is a file list for the W+ → eν MC embedded with Run 11 zero bias events.8

The list may contain a large number of files. It is convenient, when submitting a job to9

*condor*, to split very long lists into several sublists or “runs”. To split it do:10

11

cd $VBASYM DIR/ r u n l i s t s /12

s p l i t −d − l <# of l i n e s in each s u b l i s t> < l i s t name> < l i s t name>13
14

For example, executing the command15

16

s p l i t −d − l 5 run11 mc Z02ee run11 mc Z02ee17
18

will split the content of the list “run11 mc Z02ee” in many sublist each containing 5 lines of19

the original list and numbered in numerical order starting with 00. In your directory you should20

see files named:21

22

run11 mc Z02ee 0023

run11 mc Z02ee 0124

run11 mc Z02ee 0225

. . .26
27

Now all you have to do is to create a text file containing the names of this sublists you just28

created. For example create the file named29

30

run11 mc Z02ee31
32

and copy in it the list33

34

run11 mc Z02ee 0035

run11 mc Z02ee 0136

run11 mc Z02ee 0237

. . .38
39

Now all what is needed it to submit to condor the file “run11 mc Z02ee ”. The next section40

explains how to submit to condor.41

A.3 How to produce the analysis ROOT trees42

To produce the jet root trees do:43

44

cd $VBASYM DIR/ s c r i p t s45

submit jobs . sh run12 pp j3 −z −r12 −− j e t s46
47

Then to produce the analysis root trees do:48

24



1

submit jobs . sh run12 pp j3 −z −r122
3

Other examples:4

5

submit jobs . sh run11 pp t ransve r s e −− j e t s6

submit jobs . sh run11 pp t ransve r s e7

submit jobs . sh run11 mc Wp2enu −m −− j e t s8
9

A.4 How to check condor jobs output10

One can check the output files returned by condor by verifying the “tralala” marker in the log11

files. There should be just one entry per log file:12

13

grep t r a l a l a /path/ to / log /∗ > /tmp/ c h e c k j o b s t r a l a l a &14

d i f f −−suppress−common−l i n e s −y $VBASYM DIR/ r u n l i s t s /15

run11 pp t ransve r s e /tmp/ c h e c k j o b s t r a l a l a16
17

A.5 How to produce histograms from ROOT trees18

Various sets of histograms can be produced from the ROOT trees generated with ‘stana‘. This19

stage of the analysis is done with the help of ‘vbana‘ executable. One can run20

21

vbana −f run11 pp t ransve r s e22
23

and on the MC samples:24

25

vbana −f run11 mc Wp2enu26
27

For help with other options run “vbana -h”.28

B Run list29

The list of STAR runs used in this analysis is the following30

31

12038078 12038079 12038080 12038081 12038082 12038086 12038087 12038088 12038089 1203809232

12038106 12038108 12038115 12042026 12042027 12042028 12042029 12042030 12042033 1204203433

12042035 12042036 12043044 12043045 12043046 12043047 12043048 12043049 12043051 1204305234

12043053 12043055 12043060 12043065 12043066 12043067 12043068 12043069 12043077 1204307835

12043079 12043081 12044023 12044024 12044025 12044026 12044029 12044030 12044031 1204403836

12044039 12044040 12044041 12044042 12044043 12044050 12044051 12044052 12044053 1204405437

12044055 12044079 12044080 12044088 12044091 12044092 12044093 12044094 12044096 1204409738

12044098 12044099 12044100 12044101 12044102 12044103 12045001 12045002 12045004 1204500539

12045006 12045011 12045013 12045016 12046035 12046036 12046037 12046038 12046039 1204604040

12046041 12046042 12046043 12046046 12046068 12046069 12046070 12046075 12046095 1204609741

12046098 12046099 12046100 12046101 12046102 12046103 12046104 12046105 12046106 1204610742

12047009 12047011 12047016 12047017 12047018 12047019 12047020 12047021 12049037 1204903843

12049042 12049043 12049044 12049067 12049069 12049070 12049071 12050022 12050023 1205002444

12050034 12050035 12050037 12050038 12050039 12050040 12050041 12050042 12050044 1205004545

25



12050046 12050047 12050048 12051006 12051007 12051008 12051009 12051010 12051011 120510121

12051013 12051014 12051020 12051021 12051022 12051023 12051024 12051025 12051026 120510272

12051028 12051029 12051030 12051031 12051032 12051033 12051034 12051035 12051036 120510373

12051038 12051052 12051053 12051054 12051055 12051056 12051057 12051059 12051062 120510634

12051064 12051065 12052011 12052012 12052013 12052014 12052018 12052019 12052020 120520215

12052022 12052023 12052024 12052026 12052027 12052028 12052029 12052030 12052031 120520326

12052033 12052034 12052047 12052048 12052049 12052050 12052051 12052054 12053005 120530067

12053007 12053008 12053009 12053010 12053011 12053013 12053031 12053036 12053039 120530408

12053041 12053042 12053043 12053044 12053048 12053049 12053050 12053051 12053052 120530549

12053056 12053057 12053058 12053070 12054013 12054014 12054015 12054016 12054017 1205401810

12054019 12054020 12054021 12054022 12054024 12054025 12054026 12054027 12054028 1205402911

12054030 12055031 12055034 12055035 12056007 12056008 12056009 12056010 12056011 1205601212

12056013 12056014 12056015 12056016 12056017 12056018 12056019 12056020 12057008 1205700913

12057010 12057011 12057012 12057013 12057014 12057016 12057017 12057018 12057019 1205702014

12057022 12057050 12057051 12057052 12057053 12057054 12057055 12057057 12057058 1205705915

12057060 12058001 12058003 12058004 12058005 12058011 12058012 12058013 12058014 1205801516

12058016 12058017 12058018 12058019 12058021 12058022 12058024 12058040 12058048 1205804917

12058050 12058052 12058054 12058055 12058057 12058058 12059006 12059007 12059008 1205900918

12059010 12059011 12059012 12059013 12059016 12059017 12059018 12059019 12059020 1205902119

12059024 12059027 12059028 12059029 12059030 12059031 12059035 12059036 12059037 1205903820

12059039 12059070 12059071 12059077 12059078 12059079 12059080 12059082 12059083 1205908421

12060001 12060004 12060005 12060006 12060007 12060009 12060010 12060011 12060030 1206003322

12060034 12060035 12060036 12060037 12060038 12060039 12060040 12060041 12060042 1206004323

12060044 12060045 12060046 12060047 12060048 12060049 12060051 12060056 12060058 1206013824

12060143 12060144 12060145 12060146 12061006 12061008 12061010 12061011 12061013 1206101425

12061015 12061016 12061018 12062011 12062012 12062013 12062014 12062015 12062016 1206201726

12062018 12062019 12062021 12062022 12064003 12064005 12064007 12064008 12064010 1206401127

12064012 12064013 12064014 12064015 12064016 12064026 12064027 12064028 12064029 1206403328

12064034 12064035 12064036 12064040 12064042 12064043 12064044 12064045 12064058 1206405929

12064060 12064061 12064062 12064063 12064064 12064065 12064066 12064067 12064068 1206406930

12064070 12064071 12064084 12064085 12064086 12064087 12064088 12064090 12065001 1206500431

12065006 12065007 12065009 12065011 12065016 12065018 12075019 12075021 12075022 1207502432

12075025 12075027 12075028 12075029 12075030 12075031 12075032 12075033 12075034 1207503933

12075040 12075041 12075042 12075043 12076002 12076007 12076008 12076009 12076028 1207602934

12076031 12076034 12079005 12079026 12079027 12079028 12079030 12079031 12079038 1207903935

12079040 12079041 12079042 12079043 12079045 12079046 12079047 12079049 12079050 1208000136

12080004 12080010 12080011 12080012 12080017 12080018 12080020 12080052 12080053 1208005437

12080055 12080058 12080059 12080062 12080064 12080066 12080067 12080068 12080069 1208007038

12081009 12081011 12081012 12081013 12081014 12081015 12081016 12081020 12081021 1208102239

12081023 12081024 12081025 12081027 12081050 12081052 12081053 12081055 12081056 1208105740

12081069 12081070 12082001 12082002 12082003 12082004 12082005 12082007 12082022 1208202341

12082024 12083011 12083012 12083013 12083014 12083016 12083017 12083018 12083019 1208302042

12083021 12083022 12083023 12083024 12083045 12083046 12083047 12083050 12083051 1208305243

12083053 12083054 12083055 12083056 12083057 12083058 12083059 12083060 12083061 1208400444

12084009 12084010 12084011 12084012 12084013 12084014 12084015 12084016 12084017 1208401845

12084019 12084020 12084021 12085023 12085024 12085025 12085026 12085027 12085028 1208502946

12085030 12085031 12086001 12086002 12086004 12086005 12086006 12086007 12086017 1208601947
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12086020 12086033 12086034 12086035 12086037 12086038 12086039 12086040 12086041 120860421

12086046 12086047 12087002 12087003 12087004 12087005 12087012 12087023 12087025 120870262

12087027 12087032 12087033 12087034 12087036 12087038 12087045 12087053 12087054 120870803

12087084 12087085 12087095 12087096 12087097 12087098 12087099 12087100 12087101 120871024

12088022 12088026 12088028 12088030 12088031 12088032 12088033 12088034 12088035 120880495

12088050 12088075 12088076 12088077 12088078 12088079 12088080 12088081 12088086 120880876

12088088 12089006 12089008 12089009 12089010 12089011 12089085 12089086 12089087 120890887

12090002 12090003 12090006 12090007 12090009 12090010 12090011 12090017 12090019 120900208

12090021 12090022 12090042 12090043 12090045 12090046 12090047 12090048 12090049 120900509

12090051 12090052 12090053 12090054 12090055 12090060 12091004 12091005 12091006 1209100710

12091009 12091010 12091011 12091012 12091013 12091014 12091016 12091017 12091018 1209101911

12091021 12091022 12091023 12091041 12091042 12091043 12091044 12091045 12091046 1209104712

12091048 12091049 12091051 12091052 12091053 12091054 12092001 12092002 12092003 1209200413

12092005 12092020 12092021 12092037 12092038 12092047 12093001 12093002 12093003 1209300414

12093005 12093006 12093007 12093008 12093009 12093010 12093011 12093012 12093014 1209302315

12093024 12093025 12093030 12093031 12093032 12093033 12093034 12093036 12093037 1209303916

12093040 12093041 12093042 12093044 12093049 12093050 12093051 12094009 12094010 1209401117

12094012 12094013 12094014 12094015 12094016 12094017 12094018 12094019 12094020 1209402118

12094022 12094024 12094025 12094026 12094060 12094061 12094062 12094063 12094064 1209406519

12095005 12095006 12095008 12095010 12095011 12095012 12095013 12095021 12095022 1209502320

12095038 12095039 12095041 12095042 12095043 12095044 12095045 12095046 12095050 1209505221

12095054 12095055 12095056 12095057 12095058 12095059 12095060 12095061 12095063 1209600522

12096006 12096014 12096015 12096016 12096017 12096018 12096019 12096020 12096021 1209602323

12096024 12096025 12096026 12096027 12096028 12096029 12096030 12096031 12096032 1209603324

12096034 12096047 12096048 12096049 12096056 12096057 12096058 12096059 12096060 1209606125

12096062 12097002 12097003 12097004 12097007 12097008 12097009 12097010 12097011 1209701226

12097013 12097016 12097017 12097018 12097019 12097020 12097021 12097022 12098008 1209800927

12098010 12098012 12098013 12098014 12098017 12098018 12098019 12098020 12098021 1209802228

12098030 1209803129
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